field-of-view of a 2P-scanning microscope with the speed of a light-sheet microscope. Due to 1 5 0 1 7 1
Yokogawa-type spinning-disk confocal microscopes, we use a different disk geometry. Where 1 7 2 the Yokogawa dual-disk design requires two disks, one with micro lenses, the other one with 1 7 3 confocal pinholes, the OASIS microscope relies on a single disk on which micro lenses and 1 7 4
pinholes that are arranged on the different faces of the same optical element. Specifically, we 1 7 5
do not use an extra dichroic, but each micro lens comes with its own dichroic mirror; the 1 7 6 dielectric coating is omitted over a central circular aperture of 60-µm diameter. The use of a 1 7 7 single disk is advantageous in view of the large wavelength difference between the near-1 7 8 bioRχiv preprint, © 2018, the authors Rakotoson, Delhomme, Djian et al., (2018) Two-photon virtual light-sheet microscopy 7 infrared excitation and the visible fluorescence, which had previously reduced the efficiency 1 7 9 of 2P-spinning disk miroscopes. However, this simplification comes at a price as it required a 1 8 0 complete re-design of the microscope optical path. On the excitation side, the micro lenses 1 8 1 must be uniformly illuminated with a collimated fs-pulsed IR laser beam to generate an array 1 8 2 of focused spots. On the collection side, to pass the pinholes, the detected fluorescence must The acquisition speed will be in practice be limited by the available signal, but the 2 2 7 theoretical minimal exposure time is bounded by the Nyquist limit, i.e., the time required for 2 2 8 two full rotations of the spiral on the disk. With a rotation time of 12 ms at 5,000 rpm and 2 2 9
four nested spirals, the minimal theoretical exposure time is 3 ms, i.e., 6 ms when taking into 
5 2
During preliminary experiments in 7-µm thin sections of a fixed (E14.5) mouse 2 5 3 embryo, we found TO-PRO3 fluorescence to be 2.1-fold brighter than that of MG upon 633-2 5 4 bioRχiv preprint, © 2018, the authors Rakotoson, Delhomme, Djian et al., (2018) Two-photon virtual light-sheet microscopy 10 nm excitation. We observed an even larger intensity ratio (×5.5) upon 2P-excitation at 760 2 5 5 nm, Fig. 2A . Although non-linear excitation of TO-PRO3 at 1,100 nm has been reported [35;
2 5 6 36] we measured the 2P-action spectra and found peak excitations at 760 and 750 nm for TO-2 5 7 PRO3 and MG, respectively, Fig. 2B . Compared to the reported 1,100-nm excitation these 2 5 8
shorter wavelengths are within the tuning range of the standard Ti:Saphh laser and they 2 5 9 minimize thermal damage from near-infrared absorption and focal heating [37], a particular 2 6 0 concern for the multi-spot excitation scheme used here.
6 1
We next optimized the tissue transparisation procedure. Among the available methods followed by RTF and, by far, Clear T2 , for which the tissue was even more opaque than the 2 6 6 non-cleared control (probably due to volume shrinkage), Fig. 2C .
6 7
In clearing, transparency is one issue, fluorescence preservation another. Depending Based on these results, we decided to combine TO-PRO3 nuclear staining and RTF 2 7 9
clearing for directly comparing the performance of confocal and OASIS microscopes. micrometric axial sampling and with typical pixel dwell times of 1 (10 µs), sequential single-2 9 0 spot scanning schemes are necessarily slow, requiring 4 (40) ms, 4 (40) s and more than 1 2 9 1 (10) hrs for the acquisition of 3-D image stacks from cubes of 10 µm, 100 µm and 1 mm side-2 9 2 length, respectively. Parallelizing both the excitation and emission detection, as with our 2 9 3 OASIS microscope is expected to considerably speed up the imaging of such large data sets.
9 4
Using TO-PRO3 nuclear staining as a proxy, we acquired z-stacks of images in RTF- S5A) we noted the 3-fold larger attainable imaging depth and well-preserved structural details.
9 8
Next, we evaluated the photobleaching with the OASIS and confocal microscope. We first thicker sections, confocal microscopy rapidly produced much faster photobleaching than the 3 0 8
OASIS because it required higher and higher laser powers to maintain image contrast at 3 0 9 greater imaging depths; in fact, acquiring the first complete z-stack with the CSLM attenuated 3 1 0
the TO-PRO-3 fluorescence so much that a second acquisition was impossible, Fig. 3D .
1 1
We attribute the much higher volume photobleaching upon 1P confocal imaging in 3 1 2 non-cleared embryos to four reasons, (i), tissue scattering at 633 nm was roughly double that 
2 5
We note that he better performance of the OASIS concept comes essentially from the 3 2 6 excitation side, because with a confocal pinhole of 2 Airy, on the fluorescence collection side, 3 2 7
both instruments should perform similarly. Finally, not only taking into account the loss of 3 2 8 signal, but also that of Weber contrast, we found a three-fold larger effective depth pene- PRO-3 labeled nuclei were rounded just below the surface of the brain organoids, whereas 3 5 9
polymorph and diamond-shapes prevailed at greater imaging depths, Fig. 5B . Also, the cell 3 6 0 density and nuclear labeling changed markedly with depth. Orthogonal planes revealed 3 6 1 compact groups of nuclei with stronger fluorescence, Fig. 5C , as well as cavities and rounded 3 6 2 structures with a neuroepithelium-like shape. As before in EBs, the resolution of the OASIS 3 6 3 microscope allowed us to detect the presence of mitotic figures at the luminal side, Fig. 5D . In 3 6 4 brain organoids, typical achievable imaging depths were around 200 µm, reflecting the 3 6 5 densification and opacification of the tissue during the development of an EB towards a brain 3 6 6 organoid.
6 7
With its large field-of-view, increased depth penetration, low photobleaching and for which genetic models are missing; (iv), they allow observing the onset of the disease 3 8 8
during the early steps of the brain development, opening opportunities for studies that would 3 8 9
be impractical or inacceptable on human embryos or infants.
9 0
For this field of applications, the OASIS 2P virtual light-sheet microscope is a 3 9 1 compact, versatile and cost-efficient 2P wide-field research instrument allowing imaging of 3 9 2 hiPSC cultures, embryonic bodies and brain organoids. on the micro-lenses on the front side of the disk (see Fig.1, inset) . 4 8 9 4 9 0
For 2P excitation, the Gaussian beam of a fs-pulsed Ti:Saph laser (Spectra-Physics 4 9 1
MaiTai HP with DeepSee TM module) was shuttered (AOM: AA Opoelectronic), expanded and 4 9 2 collimated to a beam diameter of about 5 mm (1/e 2 ) and aligned on the rear side of the disk.
9 3
The disk transmits the IR light and the microlenses on the front side generate a spiral pattern 4 9 4 of foci 7.8 mm in front of the disk. This pattern is imaged onto the sample by a telescope Results are at least triplicates of three experiments and are represented as mean ± SD.
6
Student's t-test was used to compare among experiments. Data were processed and figures 5 5 7 prepared using IGOR Pro (Wavemetrics). 
